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86As a mechanism of insecticide resistance, ‘behavioral
resistance’ must be clearly defined in a manner that is
consistent with other mechanisms of resistance and be based
on heritable change in the gene pool. Current definitions of the
proposed phenomenon are vague and most claimed cases of
behavioral resistance to insecticides are simply aversion
behaviors that are either learned or based on simple repellency
or avoidance. Although studies have shown changes in taste/
odour receptors (e.g., cockroaches that demonstrate a
heritable change in their responses to glucose), unequivocal
demonstration of behavioral resistance to insecticides is rare.
The fundamental problems are:1. Inferring resistance from
observations, with little evidence of ‘normal’ behavior prior to
exposure to insecticides.2. Interpreting behaviors as
insecticide resistance with no evidence that either
resistance is detectable or, more importantly, testing the
hypothesis that it is responsible. Rather, authors have
concluded “this behavior will lead to reduced exposure,
thus it represents a behavioral change”. We suggest a way
forward that may not be that novel but it would advance our
understanding and the field.
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Introduction
The failure of a toxin applied specifically to kill an insect
pest has been a challenge to entomologists ever since
‘insecticides’ were first used [1]. There can be many
reasons for such failures and one is indubitably insecti-
cide-resistance. This has an accepted definition [2], the
key component of which is “heritable change in the
sensitivity of a pest population” to an insecticide treat-
ment. The quest to understand the mechanism(s) byPlease cite this article in press as: Zalucki MP, Furlong MJ: Behavior as a mechanism of insecticide
cois.2017.05.006
www.sciencedirect.com which such resistance develops helped to lay the founda-
tions of modern genetics, linking the evolution of pheno-
typic traits to selection and eventually to the specific
genes involved [3].
Most insecticide-resistance mechanisms are metabolic in
nature and involve detoxification of the xenobiotic [4]
and, not surprisingly perhaps, may be related to how
insects deal with the cocktails of lethal chemicals found
in host plants (e.g., [5,6]). Other insecticide-resistance
mechanisms involve changes in the sensitivity of target
binding sites (e.g., [7,8]) and ‘physiological mechanisms’,
collection of processes including alterations in penetra-
tion, transport, storage and/or excretion of the toxin (e.g.,
[9]). A further purported class of insecticide-resistance,
referred to as behavioral resistance, was defined in an
early review [10] as “evolved behaviors that reduce an
insect’s exposure to toxic compounds or that allow an insect
to survive in what would otherwise be a toxic and fatal
environment”. This has proven difficult to demonstrate.
The words in italics are a catch-all and vague, and
describe a different concept, more akin to avoidance.
One of the key problems in this field is that authors
(and manuscript reviewers it would seem) conflate ‘
behavioral resistance’ with ‘behavioral avoidance’ and
other potential consequences of insecticide exposure,
such as sub-lethal effects, effects on learning, and neuro-
physiology [11,12]. The IRAC definition of behavioral
resistance to insecticides requires only that, “resistant
insects may detect or recognize a danger and avoid the
toxin . . . simply stop feeding if they come across certain
insecticides, or leave the area where spraying occurred
(for instance, they may move to the underside of a sprayed
leaf, move deeper in the crop canopy or fly away from the
target area)” [2]. It thus categorically fails to capture this
distinction and, importantly, does not require that the
defined behavior has evolved in response to selection by
the given toxicant, thereby seemingly contradicting
IRAC’s [2] own definition of insecticide resistance.
We could add: The key term in the definition is of course
‘evolved’. To meet the definition of behavioral resistance
per se the ‘behavioral avoidance’, has to be shown to be an
evolved trait that is not expressed in populations that
have not been exposed to the selection pressure. This is
rarely done.
Strictly, ‘evolved’ in this context, means an increase in the
frequency of heritable behavioral traits in taxonomically
homogenous populations. Avoidance behaviors can occur
without any change in the frequency of heritable behavior resistance: evaluation of the evidence, Curr Opin Insect Sci (2017), http://dx.doi.org/10.1016/j.
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Caits although, as with any trait, it will have a genetic
omponent and can of course contribute to the develop-
ent of true physiological resistance.
he methodologies for demonstrating metabolic and
hysiological resistance, are well developed: standard
ose-response assays compare the response of a field
opulation to a given xenobiotic to that of a susceptible
boratory strain (e.g., [13]). Evidence for resistance can
e strengthened by further exposure of successive gen-
rations of the field population to the xenobiotic in the
boratory and testing for decreased susceptibility. Ide-
lly, specific mechanisms can then be identified, their
enetic basis investigated (e.g., [3,14,15]), fitness costs
uantified (e.g., [14]), and resistance levels in the field
onitored as part of an insecticide resistance manage-
ent plan (IRMP) (e.g., [15]). Behavioral resistance to
secticides on the other hand has often been proposed
nd supporting evidence garnered [10,16] but rarely
own convincingly, but there are exceptions (see below).
sing models to show that behavioral resistance to insec-
cides can be important [17,18] and that it could account
r changes measured in the field can be misleading. No
atter how elegant the model, results follow from the
ssumptions on which they are based. There are many
ssumptions in all models, but a fundamental assumption
 those seeking to understand behavioral resistance to
secticides is that there is a genetic basis for the trait
eing selected. Behavior is likely polygenic, so selection
ffects are unlikely to be simple, or the effect observed is
 consequence of phenotypic plasticity or resilience
ssentially avoidance). Alternative models not based
n behavioral resistance mechanisms sensu stricto can fit
e same field data, as has been suggested for mosquitoes
ee below). The distinction is of more than academic
terest. The result may be the same but the management
plications can be very different.
urported behavioral resistance to
secticides in mosquitoes
he ability of mosquitoes to apparently evade exposure
 a lethal dose of insecticide deployed on insecticide
pregnated nets or from indoor residual sprays is inter-
reted as one of the key stumbling blocks to eliminating
alaria (e.g., [19]). Modeling of course suggests that
ehavioral resistance sensu stricto could have, not surpris-
gly, significant impacts on the effectiveness of malaria
ontrol strategies based on insecticides (e.g., [17,20]).
onclusive evidence to support the contention that it
 in fact a novel behavioral trait evolved in response to
e changed selection regime, is often confounded by
ethodological and interpretational problems [21]. Such
roblems are indicative of this field of study.
omprehensive pre-control surveys of mosquito popula-
ons in areas targeted for control are rarely done, so we doPlease cite this article in press as: Zalucki MP, Furlong MJ: Behavior as a mechanism of insecticid
cois.2017.05.006
urrent Opinion in Insect Science 2017, 21:1–7 not know the initial condition of various traits in field
populations. Hence caution should be exercised before
interpreting reports of continued or increased disease
transmission to be due to increased frequency of behav-
ioral and even physiological resistance traits. There
appear to be no field studies that can unambiguously
attribute failure to control transmission of malaria to
altered frequencies of heritable behavioral preference
traits, rather than altered expression of phenotypically
plastic behavioral traits in an environment that has been
changed by intervention coverage [21]. Indeed various
theoretical models (e.g., [20–23]) suggest that, in many
parts of Africa at least, it is the phenotypic plasticity of
Anohpheles arabiensis that accounts for changes in host-
seeking outcomes, and is not necessarily due to any
genetic adaptation of the vector population through heri-
table alterations of host preference per se. Continued
malaria transmission can be attributed to changes in
species composition [24], physiological resistance in the
strict sense [25] or pre-existing behaviors that result in
evasion of insecticide contact, rather than behavioral
resistance to insecticides which implies an increasing
ability to do so. As has been pointed out many times in
the ‘old’ literature, the plasticity in anthropophagic, endo-
phagic and endophilic behavioral traits can maintain
malaria transmission despite intervention efforts (e.g.,
[26]). Behavioral resistance to insecticides per se need
not be invoked.
The insect–plant world
As in malaria transmission and mosquitoes, the problems
with reports of behavioral insecticide resistance in her-
bivorous insects often stems from inferring the phenom-
enon based on observational data, misinterpretation of
these data and a failure to experimentally test the hypoth-
esis that behavioral resistance is responsible for the
responses observed. As an example, it has been claimed
that eggs of the diamondback moth (DBM), Plutella
xylostella, laid at the base of canola plants by a field
collected population of the pest is evolved behavioral
resistance; the untested hypothesis is that adults had been
selected to lay eggs at the base of plants to avoid insecti-
cide applications [27]. A more likely explanation is that
deposition of eggs at the base of plants is simply typical
egg laying behavior by this species on this host plant [28].
Insecticide susceptible DBM also typically lay their eggs
at the base of canola plants and neonates then move up
the plant to feed on the youngest leaves [29], a behavior
that would actually maximize chances of exposure to
insecticides!
To Bt- or not-to-Bt: movement by larvae in
response to Bt toxins?
From the outset of the adoption of genetically modified
crops that express Bt toxin genes into agriculture, the
management of insect resistance to these toxins has beene resistance: evaluation of the evidence, Curr Opin Insect Sci (2017), http://dx.doi.org/10.1016/j.
www.sciencedirect.com
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COIS 329 1–7considered key to the success and sustainability of the
technology [30,31].
Evidence for behavioral resistance to Bt toxins has been
investigated in a number of Lepidoptera, using both
artificial diets laced with Bt toxins and various cotton
leaf-choice tests. Most studies find a higher proportion of
larvae on non-Bt diets and conclude that larvae avoid Bt
toxins by showing a ‘preference’ for diet or cotton with-
out the toxin [18,32–35]. In contrast, Schwartz et al. [36]
found no evidence for avoidance behavior against Bt
toxins in DBM The movement of DBM larvae from a
Bt-resistant and and a Bt-susceptible colony was com-
pared when placed on untreated and Bt-treated cabbage;
movement patterns (behavior) could not account for the
differences in survival between the two colonies (but see
Ref. [37]).
Various studies have suggested that Helicoverpa armigera
(Hu¨bner) neonates detect and avoid Bt cotton based on
experiments where significantly more larvae moved away
from Bt cotton leaf discs compared to non-Bt leaf discs (e.
g., [34,38]). Zhao et al. [39] found similar results, but
highlighted the difficulty with using plant material; the
cotton plants need to be the same cultivar, the only
difference between the material being tested being the
insertion of a Bt cry gene. Cotton cultivars vary in many
traits that affect insect behavior and performance (e.g.,
[40]). Few studies report this detail on the cotton material
in investigations of different responses to ‘Bt’ and ‘non-
Bt’ (conventional) plant material and so results are diffi-
cult to interpret. If the naming nomenclature reported in
studies is any indication then the cultivars being com-
pared are in fact different in many cases.
Our own work has focused on feeding behavior in neo-
nates of H. armigera [41–43]. Although there is no con-
vincing evidence that resistance to Bt cotton has devel-
oped in the field in Australia [44], higher than expected
numbers of Helicoverpa spp. larvae are reported to survive
in some fields from time to time [45]. It has been
suggested that a behavioral component, specifically the
avoidance of the toxin, could contribute to larvae surviv-
ing on Bt-toxin expressing plants [46]. On conventional
cotton plants, although H. armigera neonates tended to
feed on young leaves and small squares (flower buds) if
available, they were less likely to be found on young
leaves on Bt plants, which express greater amounts of Bt
toxin [46]. Moreover, H. armigera larvae could survive and
grow on squares of Bt cotton plants [46]. In several other
studies, larvae appeared to avoid toxins by feeding on a
plant part low in Bt toxin or a diet not treated with toxin
[47,48]. More movement by larvae on Bt cotton plants
could provide a greater chance for Helicoverpa spp. to
encounter better food resources, such as flowers [47].
Importantly in these studies at least, the Bt cotton had
the same genetic background as the control cotton.Please cite this article in press as: Zalucki MP, Furlong MJ: Behavior as a mechanism of insecticide
cois.2017.05.006
www.sciencedirect.com Do these examples represent behavioral resistance or
simply avoidance due to aversion learning and the effect
of normal neonate movement behavior [49,50], which
will tend to result in larvae on less toxic parts incidentally?
Aversion learning can refer both to learning to avoid food
that is nutritionally deficient, and learning to avoid food
that induces ‘ill’ effects [51]. Aversion learning has been
demonstrated in various lepidopteran larvae [52]. Learn-
ing to avoid plants that cause ill effects may be particu-
larly important for polyphagous species as female host
range likely encompasses a much wider range of plants
than can be utilized by larvae.
A diversity of behavioral responses of Helicoverpa spp.
could contribute to the survival of larvae that are physio-
logically resistant to Bt in some Bollgard IIJ cotton fields.
The initial locations of larvae on a plant, essentially where
the eggs were laid, and their subsequent movements are
likely to be the most important components contributing
to the proportion of larvae that can potentially survive and
develop to pupae. We could find no differences in egg
laying on Bt vs non-Bt cotton plants with the same
background [49]. Some larvae may simply be more
mobile before feeding and incidentally locate more
appropriate places to feed. It is possible that the less
toxic the food resources available to young larvae, the
higher their survival will be. Not unexpectedly, they
struggle to survive when faced with a toxic environment
in Petri dishes with no opportunity to move and feed
elsewhere [50].
As most research on behavioral resistance has been con-
ducted with Bt-susceptible larvae (e.g., [34,46,48]), we
included a comparison with a strain physiologically resis-
tant to Cry2Ab [49,50]. We used classic choice tests to
determine whether H. armigera larvae can detect Bt toxin
on artificial diet, and watched larvae in detail, rather than
simply recording which food source they were on at the
pre-ordained end of the experiment. How these ‘choices’
affect survival was determined by monitoring the fate of
larvae with respect to the initial and subsequent feeding
location (see Figure 1, redrawn from Ref. [50])
Larvae could not detect Bt toxinand avoid it [50]. Initial
choice of diet was random. Having fed, susceptible larvae
were more likely to leave Bt treated diet and, if they
found the non-Bt diet, to survive, suggesting an aversion
response not a change in preference. Resistant larvae did
not show this aversion response. They tended to stay and
feed. There were no or fewer ill effects, and no aversion
(perhaps). This suggests there is no chemoreceptor recep-
tor for Bt per se that can provide a basis for initial feeding
selection. Physiologically resistant larvae in our assay had
no (or lower) ill effects and were not likely to leave the Bt
diet. We did not re-test susceptible larvae that had left the
Bt diet to see if they were more likely to do so next time
around, so we cannot distinguish aversion (move on and resistance: evaluation of the evidence, Curr Opin Insect Sci (2017), http://dx.doi.org/10.1016/j.
Current Opinion in Insect Science 2017, 21:1–7
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Summary of the movements and locations on Bt diet, n(on)-Bt diet and off diet of Bacillus thuringiensis (Bt)-susceptible neonate Helicoverpa
armigera (n = 325) and cry2AB resistant (n = 367) larvae in the first 12 hours of observations. All numbers are shown as percentages of the initial %
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COIS 329 1–7get lucky) from aversion learning per se. This explanation
is likely to be appropriate for all the other studies on
lepidopteran larvae that invoke behavioral resistance!
Receptor based aversion—changes in taste
and odour perception
From the earliest days of insecticide use behavioral
effects were noted [12]. Although the mechanism elicit-
ing these responses has not been elucidated in the vast
majority of cases, it is likely to involve receptors [53]. For
example, electroantennogram (EAG) and single sensil-
lum recording in Drosophila melanogaster indicate olfactory
neurons in basiconic sensilla on the antennae respond to
pyrethroids. These compounds also exhibited spatial
repellency in two-choice and T-maze behavioral assays
[54]. Of course this could be a general effect of pyre-
throids on all or many odorant receptors (ORs). Pyre-
throids affect the voltage-gated sodium channel present
in all olfactory sensory neurons, and could be responsible
for EAG measures and aversion. Alternatively, pyre-
throids may have a structure analogous to natural volatiles
Dropsophila is tuned to pick up. The deeper question
concerns how receptors work, a controversial field, which
we leave to others to share an opinion.
One of the key aspects that should be considered in
behavioral avoidance of insecticides is whether the
response is due to the toxin per se or to the various
carriers/stickers/solvents etc. present in formulations.
These are not the same across commercial products
and authors would do well to run experiments with just
the active ingredients before reaching conclusions (e.g.,
[37]).
Perhaps one of the better examples of where demon-
strated change in insect behavior has led to reduced
efficacy of a formulated toxicant has been shown in the
German cockroach [55,56]. In this case the avoidance of
feeding on ‘sugar baits’ laced with a toxicant is based on a
change in the glucose receptor. Instead of stimulating
feeding, glucose acts as a deterrent in ‘resistant’ popula-
tions, and the frequency of the trait is higher than in non-
selected populations. There is also a fitness cost! [57].
This is truly a case of changed behavior resulting in
decreased efficacy of insecticide, however, it is not behav-
ioral insecticide resistance as there is no evidence that the
susceptibility of ‘resistant’ insects to insecticide has chan-
ged in any way.
A way forward
In order to be meaningful, claims of behavioral resistance
to insecticides need to demonstrate that the phenomenaPlease cite this article in press as: Zalucki MP, Furlong MJ: Behavior as a mechanism of insecticide
cois.2017.05.006
(Figure 1 Legend Continued) feeding. A stylized representation of the assa
blocks of diet surface-treated with the toxin or water. Initial feeding was ran
hours remained through 12 hours. Susceptible larvae were more likely to lea
details.
www.sciencedirect.com reported are consistent with a clear definition of ‘behav-
ioral resistance’. This is not straightforward as current
definitions are vague and ambiguous. A fundamental
tenet of the concept of insecticide resistance is that it
represents a measureable decrease in the susceptibility of
a population to a xenobiotic as a result of heritable genetic
change in a population as a consequence of repeated
exposure to that xenobiotic. This is clear in the widely
used definition of ‘insecticide resistance’ promoted by
IRAC [2] but the requirement for heritable genetic
change is not explicit in the same group’s definition of
‘behavioral resistance’ [2]. If behavioral responses that
constitute true resistance to an insecticide are to be
meaningful then these definitions must be reconciled.
As such, in situations where a heritable behavioral change
in an insect population is suspected as a consequence of
repeated exposure to a xenobiotic, an appropriate hypoth-
esis needs to be proposed and empirically tested. If this
experimental approach supports both a measurable
decrease in the susceptibility of the population to the
xenobiotic, and that a heritable behavioral trait is impli-
cated in this effect, then the critical fundamental require-
ments of what constitute ‘behavioral resistance’ have
been met. If not, the other more simple behaviors that
might be modified in the presence of the xenobiotic, such
as avoidance, are likely to be responsible and should be
investigated further.
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